Chou Y-L, Scarupa MD, Mori N, Canning BJ. Differential effects of airway afferent nerve subtypes on cough and respiration in anesthetized guinea pigs. The hypothesis that respiratory reflexes, such as cough, reflect the net and often opposing effects of activation of multiple afferent nerve subpopulations throughout the airways was evaluated. Laryngeal and tracheal mucosal challenge with either citric acid or mechanical probing reliably evoked coughing in anesthetized guinea pigs. No other stimulus reliably evoked coughing in these animals, regardless of route of administration and despite some profound effects on respiration. Selectively activating vagal C-fibers arising from the nodose ganglia with either adenosine or 2-methyl-5-HT evoked only tachypnea. Selectively activating vagal afferents arising from the jugular ganglia induced respiratory slowing and apnea. Nasal afferent nerve activation by capsaicin, citric acid, hypertonic saline, or histamine evoked only respiratory slowing. Histamine, which activates intrapulmonary rapidly adapting receptors but not airway or lung C-fibers or tracheal bronchial cough receptors induced bronchospasm and tachypnea, but no coughing. The results indicate that the reflexes initiated by stimuli thought to be selective for some afferent nerve subtypes will likely depend on the net and potentially opposing effects of multiple afferent nerve subpopulations throughout the airways. The data also provide further evidence that the afferent nerves regulating cough in anesthetized guinea pigs are distinct from either C-fibers or intrapulmonary rapidly adapting receptors.
THE COUGH REFLEX IS INITIATED in animals and in human subjects following activation of one of perhaps several vagal afferent nerve subtypes innervating the larynx, trachea, and bronchi (10) . Bronchopulmonary C-fibers and rapidly adapting receptors (RARs) are most often implicated (2, 5, 9, 17-19, 22, 35, 69, 73-75) . But many well-established stimulants of intrapulmonary RARs, such as bronchial smooth muscle contraction and inspiratory efforts against a closed glottis, are very ineffective at evoking cough in most species, including humans (10) . Similarly, in anesthetized animals, C-fiber activation is very ineffective at evoking cough and may even inhibit cough under some conditions (9, 10, 36, 68, 69) . More recent studies in anesthetized guinea pigs implicate an afferent nerve subtype distinct from both RARs and C-fibers in cough (8, 9) .
The conflicting conclusions drawn from the studies summarized above likely arise from the many different experimental designs used to study cough in animals (e.g., awake, anesthetized, decerebrate), and perhaps species differences. Semantics may also be an issue. The terms "irritant" and "rapidly adapt-ing" have been used interchangeably to describe populations of afferent nerves with vastly different physiological properties and distinct sites of termination in the airways. We and Widdicombe previously differentiated tracheal irritant receptors ("cough receptors") from lung irritant receptors, and yet both are often grouped into a single class and called rapidly adapting receptors (9, 66, 73) . C-fiber subtypes have also been described (72) . Whatever the explanations for the conflicting reports in the literature, it is certain that cough thresholds, cough intensity, and the patterning of cough are determined by the coordinated actions of multiple afferent nerve subtypes innervating the airways and lungs and likely those innervating the respiratory muscles lining the thoracic cavity (10) . This is especially true in studies of cough initiated by aerosol challenge. Aerosols will activate in sequence, depending on the stimulus and the mode of delivery, upper airway afferent nerves arising from the trigeminal ganglia, pharyngeal afferent nerves, arising from vagal and glossopharyngeal sensory ganglia, laryngeal and tracheal vagal afferent nerves, bronchial and pulmonary afferent nerves of both vagal and spinal origin, and subsequently the vagal and spinal afferent nerves activated as a consequence of the thoracic, lung, and airway pressures generated during cough. It thus remains possible that C-fiber and RAR-selective stimulants may evoke coughing in anesthetized animals, provided the appropriate subpopulations are selectively activated.
In guinea pigs, afferent nerve subtypes innervating the nasal mucosa, larynx, trachea, bronchi, and intrapulmonary airways and lungs have been reasonably well defined (3, 4, 9, 20, 21, 41, 51, 59, 60, 62-65, 70, 72) . Stimuli that are relatively selective for these subtypes have also been described (3, 9, 14, 15, 51, 53, 70) . We hypothesize that coughing is regulated by the coordinated actions of afferent nerves throughout the airways and the thoracic afferent nerves innervating the respiratory muscles and surrounding tissues. As a first step toward better defining the role of these various airway afferents in regulating the cough reflex, we have evaluated the ability of selectively activating these various nerve subtypes on respiratory pattern and on coughing.
MATERIALS AND METHODS
Experiments were performed after approval from the institutional animal care and use committee. Male Hartley guinea pigs (250 -350 g) were anesthetized with urethane (1.5 g/kg ip) and secured supine on a heating pad. A midline-incision in the neck exposed the extrathoracic trachea, which was cannulated at its caudal-most end with a bent luer stub adaptor. The tracheal cannula was attached to a length of tubing that terminated inside a water-jacketed organ bath continuously filled with humidified and warmed air. Respiratory efforts were monitored and recorded by a calibrated pressure transducer attached to a side port of the tracheal cannula. Animals were allowed to breathe spontaneously and wrapped in surgical mats upon completion of the dissection. At the end of each experiment, animals were euthanized in a chamber filled with 100% CO 2. All output from the tracheal and arterial pressure transducers was digitally collected using a Biopac MP100 (Santa Barbara, CA), and stored for further analysis.
The drugs used in this study (capsaicin, bradykinin, adenosine, histamine, methacholine, albuterol, ruthenium red, citric acid, hypertonic saline, ala ␤-Ala 8 -NKA4-10, indomethacin, and propranolol) were purchased from Sigma (St. Louis, MO). The ability of stimuli to activate the various afferent nerve subtypes innervating the airways and lungs is summarized in Fig. 1 .
Nasal, laryngeal and tracheal challenges. Unless otherwise stated, challenge agents were dissolved in warm saline and applied in 100-l aliquots to the nasal, laryngeal, or tracheal mucosa. A 1-cm length of polyethylene (PE)-60 tubing guided into the nose and attached to a syringe was used for nasal challenges. Laryngeal challenges were delivered through PE-60 tubing attached to a bent 30-gauge needle with the tip suspended in the laryngeal lumen (47) . Tracheal challenges were performed by either topically applied agent or by perfusing the challenge solution continuously over the tracheal mucosa, as described previously (8, 9) . In most of these experiments, the extrathoracic trachea was continuously perfused (3 ml/min) with Krebs bicarbonate buffer comprising (in mM) 118 NaCl, 5.4 KCl, 1 NaHPO 4, 1.2 MgSO4, 1.9 CaCl2, 25 NaHCO3, and 11.1 dextrose (pH ϭ 7.4). The buffer was warmed to 37°C by passing it through a water-jacketed heating coil using a syringe pump and was introduced into the trachea via a small slit, one cartilage ring rostral to the tracheal cannula. The buffer was removed at the rostral end of the trachea by gentle suction applied to a length of PE-60 tubing advanced through the larynx and out the nose. The buffer contained 3 M of indomethacin to block formation of neuromodulatory prostanoids (46) . Vehicle control experiments for both nasal and laryngeal challenges were carried out in parallel in separate animals (an unpaired experimental design), and for every intervention studied.
Intra-arterial and intravenous challenges. The left carotid artery and right jugular vein were cannulated with heparinized PE-60 for mean arterial pressure measurements and intra-arterial administration of drugs, and for intravenous drug challenges, respectively. All challenge agents were dissolved in saline and administered in 100-l aliquots. Concentration response curves were constructed in an ascending fashion, with doses administered at 3-or 5-min intervals.
Inhalation challenges. Aliquots of concentrated NaCl, citric acid, and capsaicin were added to or dissolved in 2 ml of sterile diluent (distilled water or NaCl solution) to make solutions with final concentrations of 6% NaCl, 0.1 M citric acid, 0.1 mM capsaicin, and 0.1 M adenosine, respectively. Aerosols of these challenge agents were generated using an ultrasonic nebulizer (ϳ5-m particle size) and delivered to the animals for 10 min. Animals were prepared as described above and placed in a Plexiglas exposure chamber continuously filled with room air. Respiratory mechanics were monitored and recorded by a calibrated pressure transducer attached to a side port of the tracheal cannula and fed to the outside of the chamber via luer stub.
Effects of experimental challenges on pulmonary inflation pressure. Animals were first prepared with both intravenous and intra-arterial lines and with tracheal cannulation, as mentioned above, and were then paralyzed with succinylcholine chloride (1 mg/kg sc). The animal was then connected to a small animal respirator and ventilated artificially with humidified air at a rate of 60 breaths/min (46) . A calibrated pressure transducer attached to a side port of the tracheal cannula, monitored tracheal pressure (pulmonary inflation pressure, PIP) during mechanical ventilation. The effects of several of the interventions described above on PIP were evaluated. The baseline PIP was 8 -11 cm H 2O, and results are expressed as a percentage increase in PIP.
Statistical analysis. We used an upaired experimental design for all of the interventional and comparative studies described below. Dosedependent effects of stimuli administered intravenously were assessed in paired experimental designs. The results are presented as means Ϯ SE of n experiments, where n refers to a single animal. Differences among group means were assessed by unpaired t-test or by one-way ANOVA, followed by Scheffe's F-test for unplanned comparisons. A P value Ͻ0.05 was considered significant. 
RESULTS
Basal respiratory rate, the effects of vagotomy, and cough responses. The average baseline respiratory rate was 71 Ϯ 1 breaths/min in animals with intact vagus nerves (n ϭ 150), and was 33 Ϯ 1 breaths/min following vagotomy (n ϭ 14). Representative traces of the various respiratory reflexes seen in this study are shown in Fig. 2 . With respect to cough (all animals studied coughed during surgical preparation of the airways), only citric acid applied topically to either the tracheal or laryngeal mucosa reliably evoked coughing in these anesthetized guinea pigs. Hypertonic saline also evoked coughing when applied topically to the laryngeal mucosa but not so readily when administered to the trachea. No other stimulus studied, regardless of route of administration and despite some profound effects on respiration, evoked coughing in anesthetized guinea pigs. Sneezing was also not observed in response to any of the stimuli or in response to any of the surgical procedures.
Capsaicin. Capsaicin applied topically to the nasal mucosa (10 M, 100 l) evoked a marked slowing of respiratory rate in anesthetized guinea pigs, an effect that peaked within 2 min of challenge and took more than 5 min to resolve ( Fig. 3A ). Vagotomy greatly reduced basal respiratory rate but did not prevent the slowing of respiration evoked by nasal capsaicin challenge. Laryngeal capsaicin challenge also slowed respiratory rate with a magnitude and duration similar to that seen with nasal capsaicin challenge ( Fig. 3B ). As expected, on the basis of previous anatomical and physiological analyses (9, 47) , the reflexes evoked from the larynx by capsaicin were not altered by bilateral cuts of either the recurrent or superior laryngeal nerves, while cutting both the recurrent and superior laryngeal nerves abolished the response. Vagotomy caudal to the nodose ganglia (leaving the superior laryngeal nerves intact) greatly reduced basal respiratory rate but did not prevent the respiratory slowing induced by laryngeal capsaicin challenge (n ϭ 5; data not shown).
In contrast to the rapid and marked falls in respiratory rate evoked by nasal or laryngeal capsaicin challenge, capsaicin applied topically to the tracheal mucosa produced very modest changes in respiratory rate ( Fig. 3B ), with some animals displaying a fall in rate, others a slight increase in rate, and still others with little or no change in respiratory rate or pattern despite continuous perfusion of the trachea with a supramaximal concentration (30 M) of the transient receptor potential vanilloid type 1 (TRPV1) receptor agonist. These data may imply competing reflexes evoked by subpopulations of capsaicin-sensitive vagal afferent nerves, with some, such as those innervating the larynx, promoting a slowing of respiratory rate and others producing tachypnea upon activation. Consistent with the notion that a separate population of capsaicin-sensitive tracheal afferent nerves initiates tachypnea upon activation, capsaicin inhalation (the extrathoracic trachea was cannulated for respiration at its caudal most end) consistently produced tachypnea in anesthetized guinea pigs ( Fig. 3C ). In contrast, selectively injecting a 100 -200 l bolus of 30 M capsaicin into the esophageal lumen had no effect on respiration and did not evoke coughing (n ϭ 10; data not shown).
Intravenous bolus injections of capsaicin (0.1, 1, 2, and 5 g/kg) evoked dose-dependent, multiphasic alterations in respiratory rate, consisting of an abrupt drop in rate followed by tachypnea, then followed by a precipitous fall in respiratory rate sometimes with an associated apnea (about 10 s in duration) and then a slow return to basal rate, occasionally with a rebound tachypnea ( Fig. 3 , D and E). The magnitude of each of these phases of the response to intravenous capsaicin was dose dependent. Low doses of intravenous capsaicin produced mostly increases in respiratory rate, with little or no slowing of rate either before or after the short-lived tachypnea. Apnea was not seen except in response to 5 g/kg capsaicin [higher doses were not studied to avoid the pronounced bronchospasm that would have been evoked; (51) ]. Bilateral vagotomy rendered the response to intravenous capsaicin monophasic, with only modest decreases in rate observed ( Fig. 3E ). Ruthenium red (5 mg/kg iv) pretreatment nearly abolished the respiratory reflex effects evoked by intravenous capsaicin, while albuterol pretreatment (300 g/ kg iv) was without effect (Fig. 3F ). Similar modest, monophasic responses (decreases in rate) were seen upon intra-arterial administration of capsaicin ( Fig. 3F ). In separate experiments, we observed that all doses of intravenous capsaicin studied (Յ5 g/kg) induced a transient and small increase in pulmonary inflation pressure, and a decrease in mean arterial blood pressure (Table 1) .
Histamine. Nasal histamine challenge (30 M, 100 l) produced a short-lived and slight slowing of respiratory rate considerably smaller in magnitude and duration relative to that evoked by capsaicin ( Fig. 4A ). Continuously perfusing the tracheal lumen with histamine was without effect on respiration. By contrast, intravenous bolus injection of histamine (1-10 g/kg) evoked dose-dependent tachypnea ( Fig. 4B ). At a dose (10 g/kg) known to be maximal for producing bronchospasm (11), the tachypnea produced by intravenous histamine was quite pronounced (Ͼ100% increase), albeit short lived, returning to baseline within 30 s of administration. No dose of intravenous histamine produced a slowing of respiratory rate. Intra-arterial administration of histamine evoked a similar increase in respiratory rate, but with a slower onset of action ( Fig. 4C ). Bilateral vagotomy completely abolished the tachypnea evoked by histamine ( Fig. 4B ). Fig. 3 . Effects of capsaicin on respiratory rate in anesthetized guinea pigs. Capsaicin was applied directly to the nasal (n ϭ 6) (A), laryngeal (n ϭ 5) (B), or tracheal (n ϭ 5) (C) mucosa. Vehicle control experiments (saline) were carried out in parallel for each treatment studied (n Ն 6). The effects of inhaled capsaicin (10 M; n ϭ 5) (C), intravenous capsaicin (0.1-5 mg/kg; n ϭ 6) (D-F), and intra-arterial capsaicin (0.1-5 g/kg; n ϭ 5) (E) were also studied. Vagotomy markedly reduced respiratory rate (A and E) but did not prevent the respiratory slowing evoked by either nasal or intravenous capsaicin challenge (n ϭ 4 or 5). The tachypnea associated with capsaicin challenge was, however, abolished (E; n ϭ 5). Bilateral transection of the recurrent (RLNs) and superior (SLNs) laryngeal nerves (B) was required to abolish the respiratory slowing evoked by laryngeal capsaicin challenge (n ϭ 5; P Ͻ 0.01). Ruthenium red (5 mg/kg iv; n ϭ 5) but not albuterol (300 g/ kg iv; n ϭ 5) essentially abolished the respiratory rate changes evoked by iv 2 g/kg capsaicin (F; n ϭ 5; P Ͻ 0.01). None of these capsaicin challenges evoked coughing.
Histamine is known to activate intrapulmonary rapidly adapting receptors in guinea pigs by virtue of its ability to evoke bronchospasm (3, 4, 9) . It is also reported to be without effect on bronchopulmonary C-fibers in guinea pigs (3, 21) . We confirmed that histamine evoked bronchospasm at the intravenous doses used in this study, an effect accompanied by a modest fall in mean arterial blood pressure (Table 1) . We reasoned that the effects of histamine on respiratory rate were evoked indirectly, secondary to the bronchospasm evoked and the resulting activation of rapidly adapting receptors. Consistent with this hypothesis, we found that propranolol, which potentiates histamine-induced bronchospasm by counteracting the effects of bronchodilating catecholamines released upon histamine infusion (11) , greatly potentiated the ability of histamine to induce tachypnea ( Fig. 4D ). Also consistent with the notion that bronchospasm is the stimulus that accounts for the histamine-evoked tachypnea is the observation that the bronchoconstrictor and neurokinin 2 receptor-selective agonist ␤-Ala 8 -NKA 4-10 (1 nmol/kg) also evoked tachypnea upon intravenous administration (Fig. 5A ). But not every stimulusinducing bronchospasm will mimic exactly the effects of histamine on respiration. Capsaicin, for example, also evokes bronchospasm, but as described above, induces a profound slowing of respiration upon intravenous administration, especially at high doses. By contrast, inhaled or intravenous adenosine induces tachypnea but has essentially no effect on respiratory mechanics in naïve guinea pigs (see Adenosine). Finally, we also studied the effects of the bronchoconstrictor methacholine, which we expected to mimic the effects of histamine on respiratory rate because it stimulates rapidly adapting receptors (9) . On the contrary, at doses that evoked bronchospasm comparable to that evoked by histamine, methacholine induced profound but transient respiratory slowing and apneas ( Fig. 5B ). Unlike that seen in studies with histamine, these effects of methacholine were accompanied by a large, transient fall in blood pressure and heart rate ( Table 1 ) and were completely abolished by the muscarinic receptor antagonist atropine (data not shown).
The effects of sustained positive end-expiratory pressure (PEEP) on respiration were also studied, with the expectation that this would precipitate the Hering Breuer reflex by activating slowly adapting receptors (28, 73, 74) . A second air pump connected to our artificial nose with regulated airflows allowed us to control PEEP. As expected, increasing PEEP by 122 Ϯ 14% induced a 14 Ϯ 2% decrease in respiratory rate (n ϭ 10).
Adenosine. Respiratory rate in anesthetized guinea pigs was unaffected by perfusion of the tracheal lumen with 0.1 M adenosine (Fig. 6A ). Respiratory rate was also unaffected by intra-arterial administration of adenosine. However, upon inhalation, adenosine significantly increased respiratory rate, an effect that persisted for the duration of aerosol challenge (Fig.  6C ). Intravenous injection of adenosine (0.01-3 mg/kg) also evoked dose-dependent tachypnea (Fig. 6B ), comparable to that evoked by histamine ( Fig. 4B ). Unlike histamine, however, adenosine was without effect on respiratory mechanics (Table  1) . Vagotomy prevented intravenous adenosine-evoked tachypnea and uncovered a modest but significant slowing of respiratory rate (Fig. 6B) . These effects of adenosine may be attributable to its effects on C-fibers arising from the nodose ganglia (14, 72) . Consistent with this hypothesis, bradykinin (which activates both jugular and nodose C-fibers; Fig. 6D ) and 2-methyl-5-HT, which like adenosine, selectively activates nodose C-fibers (15) , also evoked tachypnea upon intravenous administration. The onset of action for bradykinin was considerably slower than that of all other stimuli studied.
Citric acid and hypertonic saline. Both citric acid and hypertonic saline applied topically to the nasal mucosa induced respiratory slowing comparable to that evoked by capsaicin. The effects of nasal challenge with 6% NaCl on respiration were greater in magnitude than that evoked by nasal 0.1 M citric acid (Fig. 7A ). This contrasted with the results following laryngeal ( Fig. 7B ) and tracheal mucosal ( Fig. 7C ) application, where the effects of acid matched or exceeded that evoked by hypertonic saline. Moreover, acid, but not hypertonic saline, reliably evoked coughing when applied topically to the laryngeal and tracheal mucosa of anesthetized guinea pigs (Fig. 7D ). Inhalation challenges with either 6% hypertonic saline or 0.1 M citric acid had essentially no effects on respiration and did not reliably evoke coughing in anesthetized guinea pigs (data not shown).
Pharmacological modulation of respiratory reflex effects evoked by intravenous challenges. To further differentiate the reflex effects evoked by capsaicin, histamine, adenosine, and bradykinin challenge, we evaluated the ability of several drug interventions to modulate the tachypnea evoked by each of these stimuli (Fig. 8 ). As mentioned above (Fig. 3F ), ruthenium red (5 mg/kg iv) essentially abolished all respiratory reflex effects evoked by capsaicin (2 g/kg). But this TRPV1 (and TRPA1) channel blocker had no effect on the respiratory reflexes evoked by intravenous histamine (2 g/kg), adenosine (1 mg/kg), or bradykinin (1 nmol/kg). Also as mentioned above (Fig. 3F) , 300 g/kg iv albuterol had no effect on reflexes evoked by capsaicin. It also failed to modify the tachypnea evoked by either adenosine or bradykinin but nearly abolished the tachypnea evoked by histamine. Finally, we observed that indomethacin pretreatment (1 mg/kg iv) markedly attenuated 
Results are presented as the means Ϯ SE percentage increase in pulmonary inflation pressure (PIP) and decrease in mean arterial blood pressure (MABP), respectively (n ϭ 4 each). Intra-arterial histamine (5 g/kg) had little or no effect on either PIP or MABP (n ϭ 3; data not shown). Capsaicin, histamine, and adenosine, at the doses studied, evoked modest, statistically insignificant effects on heart rate while, as expected, methacholine evoked an acute and precipitous fall in heart rate (data not shown). the reflex effects evoked by bradykinin but had no effect on the tachypnea evoked by capsaicin, histamine, or adenosine.
DISCUSSION
The results of the present study show that the respiratory reflexes initiated by agents known to activate airway sensory nerve subtypes depend heavily upon the stimuli and the location of challenge within the airways. With respect to cough, the effects of anesthetic on responses to airway irritants must be considered. That said, the preparation used here preserves a robust cough response to mechanical or electrical stimuli delivered to the laryngeal, tracheal, or bronchial mucosa, and to citric acid applied topically to these extrathoracic mucosal surfaces (8, 9) . Despite an intact cough reflex to these stimuli, other stimuli selective for afferent nerves implicated in regulating cough, including C-fiber and rapidly adapting receptor stimulants, never evoked cough in these studies regardless of route of administration and despite some profound effects on respiration. We speculate that anesthesia selectively inhibits coughing evoked by activation of some afferent nerve subtypes (e.g., C-fibers), while other afferent nerve subtypes implicated in cough, including intrapulmonary RARs and slowly adapting receptors (SARs), are more modulatory than essential, or play no role at all in cough.
Limitations of the experimental design. The most significant limitation of this study is that all experiments were carried out following anesthesia. Anesthesia seems to be a more appropriate approach than decerebration, given the subtle effects of anesthesia on respiratory pattern in relation to the profound alterations in respiration associated with decerebration (52) . Anesthesia was necessary, as the experiments described are not feasible without some surgical preparation. But anesthesia also modifies the cough reflex. C-fiber-selective stimulants (e.g., capsaicin, resiniferatoxin, bradykinin, citric acid) evoke cough readily in conscious animals and in human subjects but are minimally effective or completely ineffective at evoking cough following anesthesia (8, 9, 18, 19, 22, 35, 36, 68, 69) . Other respiratory reflexes are also likely altered following anesthesia. Sneeze, for example, has been reported in conscious guinea pigs (6), but we did not observe sneezing in response to any of the stimuli delivered to the nasal mucosa in this study nor in response to the minor surgical procedures associated with the Fig. 4 . Respiratory reflexes evoked by histamine in anesthetized guinea pigs. Histamine was applied topically to the nasal or tracheal mucosa, (n ϭ 4 or 5) (A) or given intravenously (1-10 g/kg) (B) or intra-arterially (5 g/kg) (C) in 100-l aliquots (n ϭ 4 -6). Histamine significantly (P Ͻ 0.01) and dose dependently (P Ͻ 0.05) increased respiratory rate when administered intravenously or intra-arterially (B and C). Vagotomy reduced basal respiratory rate and prevented entirely the tachypnea evoked by intravenous histamine (B). D: propranolol (1 mg/kg iv; n ϭ 5), at a concentration known to potentiate histamine-evoked bronchospasm, increased the potency of histamine to evoke tachypnea. *Statistically significant difference between the responses in control preparations relative to that evoked following propranolol pretreatment (P Ͻ 0.05). None of these histamine challenges evoked coughing. nasal challenges. Thus, anesthesia, while necessary for mechanistic studies of respiratory reflexes, may complicate their interpretation.
The second limitation of this study is that the stimuli used, while selective for the afferent nerve subtypes targeted, may not be specific. The reflexes evoked by selective activation of one airway afferent nerve subtype are probably accompanied by altered afferent drive from other subtypes, due to the end-organ effects (e.g., bronchospasm, mucus secretion, vascular engorgement), and changes in respiratory pattern that may accompany the initial stimulus, or by sensitizing these afferents to subsequent activation (3, 43) . This point leads to the third major limitation of this study, specifically, that we do not know for certain which afferent nerves are activated by the stimuli used. That we did not record from afferent nerves in this study is justified, as this would have necessitated some disruption of the afferent innervation, thus preventing or at least attenuating any reflexes that might have occurred. But the location of the afferents that are activated is not always certain, especially upon intravenous, intra-arterial, or even inhalation challenges. Despite these limitations, we believe that the multiple stimuli and interventions studied, the multiple locations challenged and the extensive published literature on airway afferent nerve excitability in guinea pigs have allowed us to draw several meaningful and occasionally unexpected conclusions from the results.
Reflex effects evoked by C-fibers. C-fibers are found throughout the airways and lungs of guinea pigs (3, 21, 41, 51, 59, 62-65, 70, 72) . Nasal C-fiber subtypes arising from the trigeminal ganglia have been suggested based on their responsiveness to histamine and capsaicin (70) . Three C-fiber subtypes have been described in the lower airways. C-fibers arising from the superior vagal (jugular) ganglia innervate all airways from the larynx to the intrapulmonary bronchi and lungs. Two other populations of C-fibers arising from the inferior vagal (nodose) ganglia and from dorsal root ganglia (T1-T4) are found predominantly in the intrapulmonary airways and lungs (41, 51, 72) .
Capsaicin activates all airway C-fiber subtypes in the guinea pigs, while having little direct effect on airway mechanoreceptors (3, 51, 70, 72) . By contrast, adenosine and 5-HT 3 receptor agonists are selective for nodose C-fibers (14, 15, 72) . Histamine may activate a subset of nasal C-fibers, but is without effect on C-fibers in the lower airways (3, 21, 63, 70) . Our results largely fit what we would have predicted from published data. Capsaicin was active in all locations studied (nasal, laryngeal, tracheal mucosa, inhaled, intravenous, intra-arterial), evoking increases and/or decreases in respiratory rate, depending on the route of administration and to some extent, the dose administered. Histamine had a modest effect when applied topically to the nasal mucosa, but was without effect when applied topically to the trachea. Adenosine and 2-methyl-5-HT had no effect on respiration when applied topically to the tracheal mucosa (where few if any nodose C-fibers terminate), but induced profound tachypnea when delivered intravenously or by inhalation (while having no effect when administered intra-arterially). Comparable results have been reported in human subjects challenged with intravenous adenosine, while in anesthetized rats, adenosine induces only apnea (7, 42) . That vagotomy abolished the responses to adenosine and that tachypnea was the only response evoked by adenosine suggests that nodose C-fiber activation is responsible at least, in part, for the tachypnea associated with capsaicin challenge.
It was surprising that the effects of intravenous bradykinin did not mimic the effects of intravenous capsaicin. Rather, intravenous bradykinin produced only tachypnea, whereas intravenous capsaicin evoked tachypnea at low doses but respiratory slowing and even apneas as the doses increased. Both capsaicin and bradykinin activate airway jugular and nodose C-fibers and dorsal root ganglia afferent neurons (3, 51, 72) . Perhaps in vivo capsaicin activates a subset of afferents not accessible to or unresponsive to intravenous bradykinin. For example, capsaicin may act on extrapulmonary afferent nerves, which could be largely protected from intravenous bradykinin due to metabolism of the peptide by pulmonary endothelial angiotensin-converting enzyme (13, 24) . When inhaled, capsaicin (this study) and bradykinin (48) induce only tachypnea in anesthetized guinea pigs, while intraarterial capsaicin induces only respiratory slowing (albeit considerably smaller than that evoked by intravenous administration). Perhaps the pattern and kinetics of C-fiber subtype activation induced by bradykinin and capsaicin determine the reflex effects evoked (61) .
Afferent nerve-mediated responses to capsaicin and bradykinin are reported to be mediated entirely or partly through activation of the ion channel TRPV1 (1, 37, 67) . TRPA1 channel activation is also implicated in bradykinin-evoked signaling (1) . We found that ruthenium red nearly abolished capsaicin-evoked reflexes while this TRPV1 and TRPA1 channel blocker was without effect on the reflexes evoked by bradykinin. These data are consistent with the published literature regarding bradykinin-induced effects at afferent nerve endings but inconsistent with some studies of bradykinininduced activation of afferent nerve cell bodies (12, 38, 44, 58) . Also consistent with the published literature was the pro-nounced effects of indomethacin on bradykinin-evoked reflexes (11, 45, 55) .
Another surprising observation was the modest effects of tracheal capsaicin challenge on respiratory rate. A single 100-l aliquot of capsaicin applied topically to the laryngeal mucosa induced a precipitous fall in respiratory rate that took several minutes to recover. By contrast, continuous (10 min) perfusion (2 ml/min) of nearly the entire length of the extrathoracic trachea with a supramaximal concentration of capsaicin (3 M) produced only modest and somewhat unpredictable effects on respiration. It seems unlikely that mucosal access was an issue, as we have used this same prep or a slight modification to study the effects of many drugs applied topically to the tracheal mucosa (8, 46) . It also seems unlikely that the rate of drug application or the number of afferent nerves activated is any less in the trachea than in the larynx, given the length of the trachea perfused with challenge solution. Rather, it would seem that different populations of afferents are activated in the trachea and larynx, or that the central terminations Fig. 6 . Respiratory reflexes evoked by adenosine and bradykinin in anesthetized guinea pigs. Adenosine was applied topically to the tracheal mucosa (0.1 M; n ϭ 4) (A) delivered by inhalation (25 mg/ml; n ϭ 5), or intra-arterially (0.01-3 mg/kg; n ϭ 5) (B), or administered intravenously in cumulatively increasing concentrations (0.01-3 mg/kg; n ϭ 5) C: effects of vagotomy on the response to intravenous adenosine were also evaluated (C; n ϭ 3). D: bradykinin was administrated intravenously in 100-l aliquots at cumulatively increasing concentrations (0.1-5 nmol/kg) and at 5-min intervals (n ϭ 6). Neither bradykinin nor adenosine evoked coughing in anesthetized guinea pigs regardless of dose or route of administration but both significantly (P Ͻ 0.01) and dose dependently (P Ͻ 0.05) increased respiratory rate upon intravenous administration. Adenosine also significantly increased respiratory rate following inhalation (B; P Ͻ 0.01). or neurochemistry of laryngeal and tracheal C-fibers are different (34, 50) . We previously found that the jugular ganglia neurons innervating the extrathoracic trachea are primarily C-fibers, whereas the larynx is innervated by jugular C-fibers but also the capsaicin-sensitive A‫-ץ‬fibers of the jugular ganglia for which no physiological function has been identified (9, 59) . It seems unlikely, however, that C-fibers arising from the nodose ganglia contribute to the response to tracheal capsaicin, given the lack of effect of either adenosine or 2-methyl-5-HT when applied topically to the tracheal mucosa.
With respect to cough, we thought it possible that C-fiber stimulation in some location would evoke coughing in anesthetized guinea pigs, despite many studies (including ours) showing that broader acting C-fiber stimuli given by inhalation or intravenously have not evoked cough in anesthetized animals (8, 9, 36, 68, 69) . Regardless of the stimulus and route of administration, however, C-fiber activation did not cause cough in anesthetized guinea pigs. These data further highlight the importance of anesthesia in studying cough and the selective effects of anesthesia on C-fiber-dependent cough (10) .
Reflex effects evoked by mechanoreceptors. All airway and lung-afferent nerves, including C-fibers are mechanically sensitive (4, 9, 10, 21, 28, 59, 62, 65, 71) . Stimuli such as capsaicin or histamine may thus initiate reflexes secondary to their effects on mucus secretion, the vasculature, or airway smooth muscle. That said, C-fibers are generally less responsive to mechanical stimulation, and most nasal afferent nerves are thought to be C-fibers (3, 21, 28, 59, 72) . Similarly, laryngeal and tracheal afferents in guinea pigs are either jugular A ␦ or C-fibers, which are mostly unresponsive to mechanical stimulation, and the nodose A ␦ -fibers, which are exquisitely sensitive to punctuate mechanical stimuli but in- Fig. 7 . Respiratory reflexes evoked by citric acid and hypertonic saline in anesthetized guinea pigs. Citric acid (0.1 M; n ϭ 6) or 6% NaCl (n ϭ 5 or 6) was applied directly to the nasal (A), laryngeal (B), and tracheal (C) mucosa of anesthetized guinea pigs. Vehicle control experiments (saline) were carried out in parallel (n Ն 6). Both citric acid and hypertonic saline significantly (*) reduced respiratory rate following nasal or laryngeal challenge relative to vehicle control (P Ͻ 0.05). D: unlike all other stimuli studied, both hypertonic saline and citric acid evoked coughing when applied topically to the tracheal or laryngeal mucosa and yet failed to significantly alter respiratory rate when applied topically to the trachea (P Ͼ 0.05). All but one animal (tracheal challenge) coughed in response to citric acid applied topically to either the tracheal (n ϭ 8) or laryngeal mucosa (n ϭ 8). By contrast, only 3 out of 4 and 1 out of 4 anesthetized guinea pigs coughed in response to hypertonic saline when applied topically to the larynx (n ϭ 8) or trachea (n ϭ 8), respectively, resulting in significantly (*) more coughing in response to acid than to hypertonic saline (P Ͻ 0.05). sensitive to smooth muscle contraction or extreme changes (increases or decreases) in luminal pressure (9, 21, 59) . Other than punctuate mechanical stimuli, then, reflexes attributed to changes in lower airway and/or vascular luminal pressures or smooth muscle contractions are more likely to arise from intrapulmonary airways. Not surprisingly, then, we found that contraction of the trachealis with histamine had no effect on respiratory rate.
Mechanically sensitive RARs and SARs have been localized to the intrapulmonary airways and lungs of guinea pigs and all other mammalian species similarly studied (3, 4, 9, 10, 28, 33, 60, 73) . RARs are relatively selectively activated by bronchial smooth muscle contraction or any intervention that decreases lung compliance, whereas SARs are selectively activated by sustained lung stretch, as with PEEP or breath hold. We found that the bronchoconstrictors histamine and ␤-Ala 8 -NKA 4-10 both evoked tachypnea but not coughing. The effects of histamine on respiration were dose dependent and mirrored by its effects on lung mechanics. Propranolol, which enhances the bronchospasm induced by histamine by blocking the bron-chodilating effects of endogenous catecholamines (11) , also enhanced the effects of histamine on respiration, while the bronchodilator albuterol inhibited the effects of histamine. It seems unlikely that the effects of histamine are C-fiber dependent, as histamine does not activate C-fibers in guinea pigs (3, 21) , and catecholamines would actually increase C-fiber excitability (26) . It also seems unlikely that SARs play a prominent role in the response to histamine. Enhanced SAR activity would be expected to slow respiration, as with PEEP. Rather, the effects of histamine are best explained by an effect on RARs.
Bronchoconstrictors, including histamine, substance P, neurokinin A, thromboxane, and leukotriene D 4 are very ineffective at inducing cough in awake or anesthetized guinea pigs, or awake human subjects (10) . Bronchoconstrictors are, however, very effective stimulants of RARs. Thus, although it is routinely stated that RARs regulate coughing in all species, the evidence in guinea pigs and in humans is, in fact, highly suspect (2, 9, 10, 18). We think the problem is not misinter- Fig. 8 . Pharmacological modulation of the tachypnea evoked by intravenous challenges with capsaicin, histamine, bradykinin, and adenosine in anesthetized guinea pigs. Capsaicin (A; 2 g/ kg), bradykinin (B; 1 nomol/kg), histamine (C; 2 g/kg), and adenosine (D; 1 mg/ kg) were administered intravenously in 100-l bolus challenges following pretreatment with vehicle (n ϭ 5), ruthenium red (5 mg/ kg iv; n ϭ 5), albuterol (300 g/kg iv; n ϭ 5), or indomethacin (1 mg/ kg iv; n ϭ 5). The peak percentage increase in respiratory rate over baseline evoked was assessed in an unpaired experimental design. An asterisk (*) denotes a statistically significant reduction in the reflex response evoked relative to that seen in animals pretreated with vehicle. pretation of published results, but rather, a misuse of the term rapidly adapting receptor. This classification (rapidly adapting) has in our opinion proven useful only in differentiating afferents responsive to lung inflation (RARs and SARs). The tracheal afferents essential for regulating cough in anesthetized guinea pigs are completely unresponsive to airway inflation/ distending pressures and yet adapt rapidly to punctuate mechanical stimulation (9, 10) . To call these afferents RARs based on their rapid adaptation to a punctuate mechanical stimulation or to acid challenge while ignoring their insensitivity to changes in luminal pressure and other characteristics that differ from intrapulmonary RARs would be misleading. Indeed, intrapulmonary RARs may adapt slowly to airway smooth muscle contraction or lung deflation. The afferent nerves regulating cough in anesthetized guinea pigs seem to be similar to the tracheal "irritant" receptors or "cough receptors" described by Widdicombe and colleagues (66, 73) . Whatever they are called, we speculate that such an afferent nerve subtype, distinct from RARs and C-fibers, innervate the airways of all species that cough.
Responses to hypertonic saline and acid. Inhalation of cold, dry air can be an effective initiator of respiratory reflexes in susceptible patients (23) . Cold, dry air, or exercise may induce airway responses is through evaporative water loss and effects on airway surface liquid tonicity. Hypertonic saline is known to be a somewhat selective stimulant of capsaicin-sensitive nerves in guinea pigs (20, 53) but can also activate capsaicininsensitive nerves [particularly at high (Ն6% wt/vol) concentrations]. Water is reported to activate all airway sensory nerves (20) . Precisely how changes in tonicity activate airway sensory nerves is unknown. Increases or decreases in airway surface liquid tonicity may prompt volume regulation responses in cells at or near the mucosal surface, including the peripheral terminals of afferent nerves innervating the mucosa. TRP channels (e.g., TRPV2, TRPV4, TRPM7) have been implicated in these responses (54) . Whatever the mechanism, we found that hypertonic saline induced robust reflex responses in the nose and larynx, similar to that evoked by capsaicin, and also, although less reliably, evoked coughing when applied topically to the tracheal or laryngeal mucosa. Hypertonic saline may also prompt mediator release from airway epithelial cells and glands, including eicosanoids such as 15-HETE, an endogenous activator of TRPV1 (31, 40, 47) , and bradykinin, which may signal, in part, through TRPV1 and TRPA1 activation (1, 12, 76) .
Airway pH can also change dramatically in disease and may change acutely and severely with aspiration or microaspiration, as in gastroesophageal reflux (16, 29, 30) . We have previously studied the cough reflex evoked by topical application of acid to the tracheal mucosa (8) . We extended these observations in the present study, showing that acid applied topically to the nasal or laryngeal mucosa also promotes respiratory reflexes, including cough when applied to the larynx. Acid activates airway sensory nerves by two mechanisms, one involving TRPV1 gating on airway C-fibers and a second TRPV1independent mechanism, perhaps involving acid sensing ion channels (8, 25, 39) . Regarding gastroesophageal reflux disease (GERD) and cough, it is interesting that capsaicin administered selectively to the esophageal lumen did not evoke cough and had no effects on respiration (present study) and yet still sensitized the cough reflex evoked by simultaneous tra-cheal stimulation in anesthetized guinea pigs (unpublished observations).
Implications for the cough reflex. The results of this study confirm our previous studies suggesting that only the myelinated, capsaicin-insensitive vagal afferent nerves arising from the nodose ganglia and innervating the laryngeal, tracheal, and bronchial mucosa are both sufficient and necessary for sustaining the cough reflex in anesthetized guinea pigs. We also confirmed that C-fiber activation, regardless of which subpopulation (location, ganglionic origin) is activated, cannot evoke coughing in anesthetized guinea pigs. The evidence implicating C-fibers in cough in conscious guinea pigs and in conscious human subjects is overwhelming. It remains unclear, however, why anesthesia selectively inhibits C-fiber-dependent cough. It is also unclear which C-fiber subtype mediates cough in awake animals and which C-fiber subtype can inhibit cough when activated, an effect well documented in anesthetized animals.
The most common causes of chronic cough in humans not attributable to smoking are asthma, GERD, and upper airway inflammatory diseases (e.g., allergic rhinitis). Although each of these diseases are multifactorial and not appropriately described by a single feature, asthma, GERD, and rhinitis are characterized at least, in part, by reversible lower airways obstruction, acid in the esophagus, and inflammation and mucus accumulation in the sinuses, respectively (32, 49) . In the present study, we found that we could not evoke coughing upon intraesophageal capsaicin injection (which, like acid, works through TRPV1), intranasal administration of a variety of stimuli, including histamine, capsaicin, and acid, nor bronchospasm induced by histamine, methacholine, or several other agents. With respect to GERD and upper airway diseases, we speculate that activation of afferents innervating these diseased tissues and organs may sensitize the cough reflex through CNS interactions, lowering the threshold for cough evoked directly from the airways and increasing the urge to cough. We, and others, have published supportive evidence for this concept (27, 47, 48, 56, 57) . Regarding airways obstruction and cough, however, the present study provides further evidence that airway obstruction secondary to airway smooth muscle contraction may be in no way related to cough, with these endorgan effects being regulated independently and without apparent consequence on one another (other than the potential effects of airways obstruction on peak airflows during cough). By extension and with the additional evidence discussed above, it has become increasingly difficult to continue to state that the afferent nerves regulating cough are RARs, or more specifically, those well characterized intrapulmonary afferent nerves activated during the dynamic phase of inspiration, that rapidly adapt to sustained lung inflation, and are also activated by bronchial smooth muscle contraction and negative airway luminal pressures (4, 9, 10, 28) .
